The uncertainty in the risk assessment of trace metal elements in soils when total metal contents are used can be decreased by assessing their availability and/or extractability when the soils have a high background value or different sources of trace metal elements. In this study, the added water-soluble nickel (Ni) toxicity to barley root elongation was studied in 17 representative Chinese soil samples with and without artificial rainwater leaching. The extractability of added Ni in soils was estimated by three sequential extractions with ethylenediaminetetraacetic acid (EDTA). The results showed that the effective concentration of EDTA extractable Ni (EC 50 ), which caused 50% inhibition of barley root elongation, ranged from 46 to 1019 mg/kg in unleached soils and 24 to 1563 mg/kg in leached soils. Regression models for EDTA extractable Ni and total Ni added to soils against soil properties indicated that EDTA extractable Ni was significantly correlated with the total Ni added to soils and that pH was the most important control factor. Regression models for toxicity thresholds based on EDTA extractable Ni against soil properties showed that soil citrate dithionate extractable Fe was more important than soil pH in predicting Ni toxicity. These results can be used to accurately assess the risk of contaminated soils with high background values and/or different Ni sources.
Introduction
Most current soil risk assessment and soil quality criteria for trace metal elements are based on their total concentrations in soil [1] . However, the biological toxicity of trace metal elements is hard to identify if total metal concentrations are used to assess ecological risk [2] . Therefore traditional soil quality criteria for trace metal elements may not be suitable when attempting to assess the ecological risk of soils with high background values and/or different input sources of trace metal elements. These inaccuracies could give rise to underestimations or overestimations of trace metal pollution [3] because total concentrations of trace metal elements could not represent metal toxicity well [4] . Previous results suggested that it was more accurate to estimate the toxicity of trace metal elements in soils by measuring extractable fractions rather than total concentrations [5, 6] .
The concentrations, forms and extractability of trace metal elements generally determined their mobility, availability and toxicity. There are many different methods are used to assess the different chemical forms and fractions of trace metal elements in soils [7] . Generally, trace metal elements in soils are fractionated operationally by sequential extraction procedures into water-soluble plus exchangeable, specifically adsorbed on soil particle surfaces, and fractions bound to carbonates, Fe(Al)-Mn oxides, organic matter, and primary and layer silicates [8] . In the sequential extraction procedures, a chelating reagent, ethylenediaminetetraacetic acid (EDTA), was used to remove the specifically adsorbed carbon content (OC) 0.60% to 4.28%; cation exchange capacity (CEC) 6.36 cmol + /kg to 33.59 cmol + /kg, and clay content 10% to 66%.
Air-dried soil samples (<2 mm) were spiked with NiCl 2 solution and each soil sample set consisted of eight added Ni concentration treatments. Soils with pHs < 5, from 5 to 7, and >7 were spiked at the rates of 12.8-800, 25-1600, and 37.5-2400 mg/kg Ni, respectively. After equilibrating at 100% maximum water-holding capacity for 2 d, the spiked soils were left to air-dry and then were sieved again through a 2-mm plastic mesh.
Half of the spiked soil samples were leached by artificial rainwater [27] to overcome potential salinity effects and to simulate natural precipitation. This treatment reduced the difference in Ni speciation between laboratory-treated and field-aged soils. The artificial rainwater used for leaching consisted of 5 × 10 −4 M calcium chloride, 5 × 10 −4 M calcium nitrate, 5 × 10 −4 M magnesium chloride, 10 −4 M sodium sulfate, and 10 −4 M potassium chloride at pH 5.9. Details about the leaching treatment can be found in Li et al. [28] . The leached soil samples were also air-dried and sieved through a 2-mm plastic mesh before use. The total Ni concentrations in the unleached and leached soils were taken from Li et al. [28] , and were obtained using atomic absorption spectroscopy (ZEEnit 700, Analytik Jena, Jena, Germany) according to Zarcinas et al. [29] .
Extraction of Added Ni in Soils
Soil extraction was carried out using EDTA, which is one of the chemical reagents widely used in fractionation and single extraction procedures, 0.05 mol/L EDTA extraction is widely used to quantify the labile pool or to predict the available pool [7, 25, 26] The soil samples (5 g each, air-dried, <2 mm) were combined with 25 mL of 0.05 mol/L EDTA in 50 mL polypropylene centrifuge tubes and shaken for 2 h at room temperature (~20 • C) on a reciprocating shaker. The soil suspension was centrifuged at about 4000 r/min for 20 min, after which the supernatants were passed through a syringe filter with a pore size of 0.45 µm. Another 25 mL EDTA was then added to the residue to continue the extraction. The extraction step was repeated three times over 6 h which resulted in stable Ni levels in the samples. The EDTA extractable Ni concentrations in each extraction were measured by using atomic absorption spectroscopy (ZEEnit 700; Analytik Jena, Jena, Germany). There were two replicates for each treatment.
Barley Root Elongation Assay
The barley root elongation assay was performed according to ISO 11269-1 [30] . Detailed procedures for the barley root elongation assay and barley root elongation data acquisition can be found in Li et al. [28] . The barley root elongation percentage with respect to the controls (RE, %) in a test medium was calculated using the equation:
where RE t is root length in the test medium and RE c is root length in the control, which had not been spiked with Ni.
Statistical Analysis
The dose-response data were fitted by a log-logistic curve [31] 
where Y is relative barley root elongation (%), X is the measured EDTA extractable Ni (mg/kg) after log10 transformation, M is EC x (effective concentration of EDTA extractable Ni that decreases barley root elongation at EC 10 , EC 20 , or EC 50 after log10 transformation, and Y 0 and b are curve fitting parameters. [32] . b Cation exchange capacity was determined using the ammonium chloride method [32] . c Organic carbon: the difference between the total and inorganic carbon contents [33, 34] . d Citrate dithionate extractable metal [35, 36] . e Oxalate extractable metal [37, 38] .
The EC 10 , EC 20 , and EC 50 values were based on the measured EDTA extractable Ni concentrations in soils and were estimated from the respective log-logistic dose-response curves. The 95% confidence intervals (95% CI) for the EC 10 , EC 20 , and EC 50 values were calculated according to Haanstra et al. [31] , and were obtained from the fitted curve parameters data.
A stimulation response that occurs at low doses, but is inhibited at higher doses is defined as hormesis, and was modeled according to Schabenberger et al. [39] (3) where Y is barley root elongation; X is the measured EDTA extractable Ni concentration; a, b, c, and d, are curve fitting parameters; and k is a variable that is related to the effective concentrations (e.g., EC 10 and EC 50 ). Further details about the hormesis analysis can be found in Guo et al. [40] and Li et al. [28] . When k equals 10, 20, or 50, the parameter c is defined as the EC 10 , EC 20 , or EC 50 value, respectively, and its confidence interval can be calculated by Tablecurve 2D V5.01. The significance level for hormesis is detected by parameter b and the hormesis response is considered to be significant when the 95% confidence intervals of parameter b are above zero.
Stepwise multiple linear regressions were calculated using SPSS 19.0 for Windows (SPSS, Chicago, IL, USA) and were used to examine the relationship between toxicity thresholds (EC 10 , EC 20 , and EC 50 ). They were based on the measured EDTA extractable Ni concentrations and soil property parameters, which were only log transformed if the normality and homogeneity of variance tests suggested they should be. Relationships were deemed significant at p ≤ 0.05.
Results and Discussion

Toxicity Thresholds for Nickel in Soils Based on EDTA Extractions
The EC 10 , EC 20 and EC 50 values for the unleached soils varied from 3 (Haikou soil) to 426 mg/kg (Hangzhou soil), from 6 (Haikou soil) to 510 mg/kg (Hangzhou soil); and from 22 (Haikou soil) to 722 mg/kg (Lingshan soil), respectively, which represents 142-, 85-, and 33-fold variations among the soils when one single EDTA extraction was used. The EC 10 , EC 20 and EC 50 values for the leached soils varied from 2 to 789 mg/kg, from 4 to 839 mg/kg, and from 13 to 1013 mg/kg, respectively, which represents 395-, 210-, and 78-fold variations, respectively, among the soils when one single EDTA extraction was used. The wide variations in EC 10 , EC 20 and EC 50 values indicated that the EDTA extraction could not accurately predict Ni toxicity in soils. Therefore, the soil properties have to be taken into account when the EDTA extraction method is used to predict Ni toxicity in soils.
Hormesis was observed in non-leached Chongqing soil and leached Guangzhou soil. One of the EC 10 values, three of the EC 20 values, and six of the EC 50 values in leached calcareous soils (pH ≥ 8.2) could not be calculated because the leaching reduced or eliminated the toxicity caused by the added Ni in the soils ( Table 2 ). The concentrations of one single EDTA extractable Ni in these calcareous soils ranged from 2 to 732 mg/kg. However, there was no Ni toxicity in the soils after leaching. Similar results were also found by Li et al. [28] when the EC x values were expressed as the total Ni added to these calcareous soils.
The toxicity thresholds at the three inhibition levels for barley root elongation estimated by three sequential EDTA extractions in unleached and leached soils are listed in Table 3 . The EC 10 , EC 20 , and EC 50 values increased by 83%, 103%, and 46%, respectively, in leached soils compared with the results with one single EDTA extraction, and by 136%, 151%, and 185% in unleached soils, respectively. Similarly wide variations in EC x values were also found in other studies when three sequential EDTA extractions were used. The orders for the EC x values in this study were EC 10 (103-fold) > EC 20 (60-fold) > EC 50 (22-fold) for unleached soils and EC 10 (335-fold) > EC 20 (142-fold) > EC 50 (65-fold) for leached soils. 
The Influence of Leaching on Ni Toxicity
In leached soils, there was a significant (p ≤ 0.05) decrease in toxicity of a single EDTA extractable Ni in six soils (35%) at the EC 10 level, 10 soils (59%) at the EC 20 level, and 13 soils (76%) at the EC 50 level; when three sequential EDTA extractions were used, there was also a decrease in toxicity of the three EDTA extractable Ni in five soils (29%) at the EC 10 level, eight soils (47%) at the EC 20 level, and 10 soils (59%) at the EC 50 level (Tables 2 and 3 ). The leaching effects on decrease in Ni toxicity depended on the soil properties. Leaching had a comparatively stronger influence on alkaline soils than on acidic and neutral soils (Tables 2 and 3) .
The EC x values based on the single and three EDTA extractions, the leaching treatment decreased the toxicity of soluble metal salts in soils. Oorts et al. [27] showed the Ni toxicity effects on soil microbial processes were decreased by leaching to a greater extent in an alkaline soil (pH 7.6) than that in acidic and neutral soils (pH 4.5-6.1) when the EC x values are expressed as total added Ni in soils. Furthermore, Li et al. [28] also found that the greatest decrease in Ni toxicity to barley root elongation induced by leaching occurred in soils where the pH ≥ 8.2, which was consistent with the results produced in this study. It has been suggested that leaching alleviates or eliminates Ni toxicity in soils by reducing the pH and salinity [28] . Jiang et al. [41] reported that when the pH increased by 1, Ni phytotoxicity decreased 2.60-fold (1.86-3.72) and that this was due to the formation of Ni precipitates on solid surfaces. Furthermore, the maximum added Ni concentration (3200 mg/kg) in field soils from Dezhou, Shandong did not lead to a significant decrease in wheat growth. However, leaching decreased Ni toxicity when the EC values were expressed as EDTA extractable Ni in soils. That is to say, EDTA extractable Ni represents potential toxicity. It is not an indicator of toxicity. When EDTA extractable Ni is selected as a risk assessment criterion, the effects of soil properties cannot be ignored.
The Relationships between EDTA Extractable and Total Ni as Affected by Soil Properties
The extractability of Ni added to soils by EDTA was expressed as the proportion (%) extracted relative to the total Ni added to the soils. One single EDTA extraction can extract about 46% of the total Ni added to the leached and unleached soils; and three EDTA extractions can extract about 70-74% on average.
Linear regressions were used to study the relationships between EDTA extractable Ni and total Ni added to soils as affected by soil properties. The total Ni added to soils segregated into two ranges: 0-300 mg/kg and 0-2000 mg/kg ( Table 4 ). The relationships between EDTA extractable Ni and soil properties, such as pH, OC, and CEC, could be good predictors of total Ni added to soils. When the total Ni concentration added to soils was under 300 mg/kg, Ni and pH and one EDTA extraction explained 48% to 65% of the variance in total Ni added to the unleached and leached soils. Also, Extractable Ni with three EDTA extractions and pH could predict the total Ni in soils with an R 2 = 0.73 for unleached soils and an R 2 = 0.78 for leached soils. When the total Ni concentration added to soils was 2000 mg/kg, extractable Ni with three EDTA extractions and pH could predict total Ni in soils with an R 2 = 0.83 for unleached soils and an R 2 = 0.77 for leached soils. Incorporating OC or CEC into the regression models for unleached and leached soils led to a small or no improvement in predictability for total Ni added to soils when one and three EDTA extractions were used. The predictive ability of the linear regression equations based on three EDTA extractions is better than that based on one single EDTA extraction for unleached and leached soils. The measured total Ni and the predicted total Ni are shown in Figure 1 . The high correlations found between total Ni added to soils, EDTA extractable Ni, and soil properties indicates that EDTA extractable Ni can be used as an alternative to the total Ni added to soils, which means that the disadvantages associated with using total Ni as a risk assessment criterion can be overcome. Table 4 ; (b) from Equations (5) and (7) in Table 4 ; (c) from Equations (9) and (11) in Table 4 ; and (d) from Equations (13) and (15) in Table 4 . UL and L represent unleached and leached soils, respectively.
The toxicity of metals in soils depends on many factors, including their speciation, pH, organic matter content, cation exchange capacity, and soil texture [42] . In this study, soil pH was the most important factor affecting the relationships between EDTA extractable Ni and the amounts that were actually added to the soils. Cui et al. [43] also reported that pH was negatively correlated with the concentrations of leachable, available, and bioaccessible copper (Cu) and cadmium (Cd). This was probably because soil pH is one of the most important factors controlling the sorption and mobility of trace metal elements in soils [44, 45] . The results from this study showed that three EDTA extractions improved the accuracy and stability of the prediction models for EDTA extractable Ni in soils. Furthermore, EDTA extractable Ni in soils better expresses the trace metal elements toxicity than total Ni.
Toxicity Thresholds Based on EDTA Extractable Ni in Soils as a Function of Soil Properties
Simple and multiple stepwise regressions were carried out between Ni toxicity thresholds (EC 10 , EC 20 , and EC 50 values-based EDTA extractable Ni) and soil properties (Tables 5 and 6 ). Although there is generally less statistical uncertainty for EC 50 than EC 10 and EC 20 [46] , the effects of soil properties on EC 10 and EC 20 values are listed in Tables 5 and 6 because they are important when deciding risk assessment and ecological criteria for Ni in soils. The results with one EDTA extraction in unleached soils showed that when CEC or OC were used as the single factor in the regression models, CEC was found to explain 33% of the variance in the EC 10 values, and OC could explain 32% to 36% of the variance in the EC 20 and EC 50 values. However, when two factors were used, such as CEC and citrate dithionate extractable (CD)Mn or OC and CDAl in the regression models, the predictability of the regression models improved significantly, with R 2 = 0.54 for EC 10 and R 2 = 0.66 for EC 50 . Furthermore, when OC, CDAl, and OXFe (oxalate extractable Fe) were incorporated into the regression models, the multiple linear regressions were further improved, with R 2 = 0.72 for EC 20 . For leached soils, CDFe was found to be the best single factor for predicting Ni toxicity at the EC 10 (R 2 = 0.42), EC 20 (R 2 = 0.64), and EC 50 (R 2 = 0.73) levels. Fe, Al, and Mn oxides, CaCO 3 , and pH factors could also improve the models. Furthermore, when four factors (Fe, Al and Mn oxides, and CaCO 3 ) were incorporated, the R 2 for the regression model was 0.99 for the EC 50 values.
When the soil toxicity thresholds were based on extractable Ni with three EDTA extractions, CDFe was the most important single factor in predicting Ni toxicity in the unleached and leached soils. For unleached soils, CDFe as the single factor could explain 39% of the variance in the EC 10 values, 47% of the variance in the EC 20 values, and 62% of the variance in the EC 50 values. Incorporating OC into the regression models for unleached soils gave a significant, but slightly smaller, improvement in predictability for the EC 50 and EC 20 thresholds. When three factors (CDFe, OC, and OXFe) were introduced into the regression models, the predictability of the regression models improved, with R 2 = 0.82 for EC 10 and R 2 = 0.86 for EC 20 . For leached soils, CDFe as the single factor could explain 52% of the variance in the EC 10 values, 74% of the variance in the EC 20 values and 75% of the variance in the EC 50 values. Factors such as OXFe, CDMn, and OXAl, improved the predictability of the regression models. When four factors (CDFe, OXFe, CDMn, and OXAl) were incorporated, the regression models had an R 2 value of = 0.98 for the EC 50 thresholds.
When the different regression equations were compared (Tables 5 and 6 ), it was found that pH occasionally affected the toxicity thresholds expressed as extractable Ni based on one EDTA extraction, but that this effect disappeared when three EDTA extractions were used; this suggests that the soil constituents are more important than soil pH. However, whether one or three extractions were used, the EDTA extractable Ni as an indicator still needs to consider the effects of soil properties probably because most of EDTA extractable Ni is potentially available, not instantly available, to plants. The adjusted coefficients of determination for the EC 50 predictive equations were higher than for the EC 10 and EC 20 predictive equations, which was probably due to the higher statistical uncertainty of the EC 10 and EC 20 values. Furthermore, the adjusted coefficients of determination for the unleached soil EC 50 predictive equations were lower than those for the leached soils, which could be due to the high salinity and low pH induced by the addition of water soluble Ni salts to the soil.
Applications in Risk Assessment and Ecological Criteria Setting
Current soil quality criteria for trace metals are based on total metal concentrations, regardless of their availability and/or extractability in soils with high trace metal background values or their trace metal sources. Therefore, they do not assess the potential toxicity of trace metals and could lead to either underestimations or overestimations of trace metal pollution.
In this study, the relationships between total Ni added to soils and EDTA extractable Ni as affected by soil properties were set up. Furthermore, the regression models, based on EDTA extractions as a function of soil properties, accurately predicted Ni toxicity. These results provide a basis for establishing soil environmental quality criteria based on EDTA extractable Ni. Further study on the establishment of soil environmental quality criteria based on EDTA extractable Ni will improve the accuracy of Ni ecological risk assessments.
Conclusions
In this study, EDTA extractable Ni was significantly correlated with the total Ni added to soils, and soil pH was the most important factor affecting the relationships between EDTA extractable Ni and the actual Ni added to the soils. Three sequential EDTA extractions improved the prediction accuracy and stability of toxicity models based on EDTA extractions. The regression models for toxicity thresholds based on EDTA extractable Ni against soil properties showed that soil citrate dithionate extractable Fe was more important than soil pH when attempting to predict Ni toxicity in soils. These results showed that EDTA extractable Ni was better at assessing potential Ni toxicity in soils than the total Ni in a soil. Determining the extractability of soil trace metal elements is a key process in ecological risk assessment. Therefore, the creation of an extraction procedure that can determine the toxicity of soil trace metal elements will improve the accuracy of ecological risk assessments.
